Malignant central nervous system (CNS) tumors, such as glioblastoma multiforme, invade the brain and disrupt normal tissue architecture, making complete surgical removal virtually impossible. Here, we have developed and optimized a purification strategy to isolate and identify natural inhibitors of glioma cell invasion in a three-dimensional collagen type I matrix. Inter A-trypsin inhibitor heavy chain 2 (ITI H2) was identified from the most inhibitory fractions and its presence was confirmed both as a single protein and in a bikunin-bound form. Stable overexpression in U251 glioma cells validated ITI H2's strong inhibition of human glioma cell invasion together with significant inhibition of cell proliferation and promotion of cell-cell adhesion. Analysis of primary human brain tumors showed significantly higher levels of ITI H2 in normal brain and low-grade tumors compared with high-grade gliomas, indicating an inverse correlation with malignancy. The phosphatidylinositol 3-kinase/Akt signaling cascade seemed to be one of the pathways involved in the effect of ITI H2 on U251 cells. These findings suggest that reduction of ITI H2 expression correlates with brain tumor progression and that targeting factors responsible for its loss or restoring the ITI supply exogenously may serve as potential therapeutic strategies for a variety of CNS tumors. (Cancer Res 2006; 66(3): 1464-72) 
Introduction
Glioblastoma multiforme is the most common malignant central nervous system (CNS) tumor in adults (1) . It is characterized by extensive necrosis, a high mitotic index, endothelial cell proliferation, and nuclear pleomorphism. Invading glioblastoma cells rapidly infiltrate and disrupt normal tissue architecture, making complete surgical removal virtually impossible (2) . This diffuse infiltrative growth leads to early recurrence and poor patient prognosis. Consequently, the invasive cascade is an important therapeutic target for glioblastoma multiforme.
There are many known positive regulators of malignant brain tumor cell proliferation and invasion; however, little is known about negative modulators of malignant glial cell invasion (1, (3) (4) (5) .
Our laboratory has provided evidence for a secreted chemorepellent that directs glioma cell invasion (5) . Conditioned medium from both U251 and C6 spheroids significantly inhibited invasion of both spheroid types when implanted into three-dimensional collagen type I gels, providing evidence for a potential inhibitory or kinetic effect as well (5) . Because this model can be used as a functional assay to identify endogenous and/or serum-derived inhibitors/repellents of glioma invasion, a purification strategy was designed and optimized to isolate these inhibitors/repellents from the conditioned medium of glioma spheroids.
This study presents the isolation and identification of inter a-trypsin inhibitor heavy chain 2 (ITI H2) as a strong natural inhibitor of brain tumor invasion. Overexpression of ITI H2 in the U251 glioma cell line confirmed its inhibitory role in malignant glioma invasion and revealed an inhibitory effect on proliferation with a concomitant increase in cell adhesion. Moreover, expression levels of ITI H2 in primary human tumors and cultured human glioma cell lines were inversely correlated with malignancy, indicating a possible role for the ITI family members in CNS tumor progression. Our results present ITI H2 both as a potential indicator of tumor malignancy and as a novel target for therapeutic intervention that merits further functional characterization.
Materials and Methods
Cell culture and activity assay. C6 (murine glioblastoma) cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 125 units/mL penicillin G, 125 Ag/mL streptomycin sulfate, and 2.2 Ag/mL amphotericin B (Fungizone) and seeded into spinner culture flasks as described (5, 6) . Tumor spheroids were implanted into 48-well culture dishes containing 500-AL aliquots of a collagen type I solution (Vitrogen 100; COHESION, Palo Alto, CA) and cell invasion was assessed daily as previously described (5, 6) . All culture reagents were obtained from Life Technologies Invitrogen (Burlington, Ontario, Canada) unless otherwise stated. Cell lines were purchased from the American Type Culture Collection (ATCC; Rockville, MD).
Protein purification. Conditioned medium was collected from C6 spheroids in spinner culture between 2 and 5 weeks, and cell debris was removed by ultracentrifugation for 60 minutes at 45,000 rpm. Conditioned medium was then concentrated 30Â by ultrafiltration using a stirred cell equipped with a YM-10 membrane (Millipore, Etobicoke, Ontario, Canada). A wash buffer containing 20 mmol/L MOPS (pH 7.2) and an elution buffer containing 20 mmol/L MOPS (pH 7.2) and 1.5 mol/L NaCl were prepared. The concentrated C6 conditioned medium was reconstituted in 100 mL of 2 mmol/L MOPS wash buffer, passed through a 0.2-Am filter, and loaded onto a Resource Q anion exchange column (Amersham Biosciences, Baie d'Urfe, Quebec, Canada) equilibrated with 20 mmol/L MOPS wash buffer. Chromatography was done on an AKTA fast protein liquid chromatography (Amersham Biosciences). The column was operated at a flow rate of 2.5 mL/min. Bound proteins were eluted with a linear gradient of 0 to 1.5 mol/L NaCl over 30 column volumes, re-equilibrated in DMEM without serum, and applied over C6 spheroids in triplicate. Fractions having an inhibitory effect on invasion were pooled, collected, and reconstituted in 10 mmol/L sodium phosphate buffer (pH 7) and loaded onto a 5-mL HiTrap Heparin HP column (Amersham Biosciences) equilibrated with the same buffer. Fractions were eluted with a linear gradient of 10 mmol/L sodium phosphate + 2 mol/L NaCl (pH 7) over 45 column volumes, and then re-equilibrated in DMEM without serum. Fractions were then applied over C6 spheroids in triplicate and those that had an inhibitory effect on invasion were selected for further analysis. Inhibitory fractions from both columns were resolved using SDS-PAGE on a 10% gel. Gels were silver stained according to established procedures (Amersham Biosciences). Protein concentrations were determined using the Bio-Rad Protein assay dye reagent concentrate (Bio-Rad, Mississauga, Ontario, Canada).
Mass spectrometry analysis of purified fractions. Tryptic digest and tandem mass spectrometry (MS) analysis were conducted on pooled fractions with the most inhibition activity from the HiTrap Heparin HP column (McGill University and Genome Quebec Innovation Centre, Montreal, Quebec, Canada). Mascot scores were obtained and significance was determined as the minimum threshold required to be considered a nonrandom assignment (7) .
Cloning and stable cell line production. pCMV Sport6 vectors containing the ITI H2 and bikunin full-length cDNAs were obtained from ATCC. The BglII and EcoRI restriction sites were used to subclone the ITI H2 and bikunin full-length constructs into the pLPCX retroviral expression vector (Clontech, Palo Alto, CA). The new constructs were introduced into the U251 human glioblastoma cell line following the guidelines of the manufacturer (Retroviral Gene Transfer and Expression User Manual, BD Biosciences, Palo Alto, CA). Cells were cultured in selection medium containing 1 Ag/mL puromycin (Sigma-Aldrich Co. Canada Ltd., Oakville, Ontario, Canada) for 3 weeks, and colonies were then pooled to generate polyclonal cell lines. Two distinct polyclonal cell lines were produced from independent rounds of retroviral infections for each DNA construct with separate sets of cells. Confirmation of stable ITI H2 and bikunin overexpression was assessed using reverse transcription-PCR (RT-PCR; see below). See Supplementary Table S2 (1-3) for primer details.
Hanging-drop aggregates and time-lapse videomicroscopy. Confluent cultures of wild-type U251 cells, U251 pLPCX cells, and U251 cells stably overexpressing ITI H2 and bikunin were trypsinized and hanging-drop aggregates were prepared (5, (8) (9) (10) . Aggregates were implanted into collagen type I gels and invasion was assessed (5, 6) . Six hours after implantation, aggregates were imaged for the following 20 hours using time-lapse equipment and Northern Eclipse 6.0 software as previously described (11, 12) .
Proliferation assay. To evaluate the effect of ITI H2 and bikunin overexpression on U251 glioma cell proliferation, monolayers of U251 wildtype, U251 pLPCX, U251 ITI H2, and U251 bikunin cells were plated on sixwell culture dishes (40,000 per well and three replicates for each time point). Cells were counted on days 2 and 4 using a Coulter Z Series counter (Beckman-Coulter, Inc., Miami, FL) and doubling time for each cell line was calculated.
Cell attachment assay. U251 pLPCX and ITI H2-overexpressing cells were seeded at 40,000 per well in six-well dishes in triplicate. After 1, 2, 3, and 4 hours at 37jC, the wells were imaged and the number of attached cells was calculated for both empty vector and ITI H2 cells (5, 11, 12) .
Antibody production and Western blot analysis. An anti-ITI H2 polyclonal antibody was generated against the COOH-terminal region of the protein by injecting rabbits with the synthetic peptide PGKDPEKPEAS-MEVK coupled to KLH (Sheldon Biotechnology Centre, McGill University, Montreal, Canada). SDS-PAGE gel wells were loaded each with 1 Ag protein from each purified fraction. The ITI H2-specific polyclonal antibody was used at a concentration of 1:500. The antirabbit bikunin antibody (1:2,000) has been generously donated by Dr. Bo Akerstrom (Lund University, Lund, Sweden) and a commercial antibody against all ITI heavy and the light chain (1:2,000) was also used to validate ITI H2 enrichment (Dako Cytomation, Inc., Mississauga, Ontario, Canada). The horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G secondary antibody (1:5,000) was used and visualized by enhanced chemiluminescence (PerkinElmer Life Sciences, Inc., Markham, Ontario, Canada).
For analysis of Akt and p44/42 mitogen-activated protein kinase (MAPK) expression, U251 pLPCX and ITI H2 cells were lysed in radioimmunoprecipitation assay buffer containing 1 Complete Mini protease inhibitor tablet (Roche Applied Science, Laval, Quebec, Canada), 20 Ag/mL phenylmethylsulfonyl fluoride, and 0.4 Amol/L sodium orthovanadate phosphastase inhibitor. Twenty micrograms of protein for each sample were subjected to SDS-PAGE. The phospho-AKT (Ser473; 1:1,000), AKT (1:1,000), p44/42 MAPK (Thr202/Tyr204; 1:2,000), and MAPK (1:2,000) antibodies were obtained from Cell Signaling Technology (Beverly, MA). Donkey anti-rabbit and anti-mouse secondary antibodies (1:10,000) were used.
Immunocytochemistry. To examine intracellular localization of ITI H2 in the U251 ITI H2 stable cell line, immunocytochemistry was done. Briefly, U251 ITI H2 cells were plated on collagen-coated coverslips for 48 hours (BioCoat, BD Biosciences, Discovery Labware, Mississauga Ontario, Canada). The ITI H2-specific polyclonal antibody was used at a concentration of 1:50 in 0.5% bovine serum albumin 0.02% Triton X-100/ PBS. Preimmune serum and staining without primary antibody were used as negative controls. Donkey anti-rabbit Alexa 555 secondary antibody was used. Cells were colabeled for actin by adding Phalloidin Alexa Fluor 488 (1:400; Molecular Probes, Eugene, OR) to the secondary antibody mixture. Coverslips were mounted and imaged using a LSM 510 confocal scanning laser microscope at Â63 magnification using the helium-neon (543 nm) and argon (488 nm) lasers (Carl Zeiss, Toronto, Ontario, Canada). RT-PCR of malignant glioma cell lines and primary human brain tumors. The endogenous expression of ITI H2 and h-actin mRNA in U251, U87, U343, and U373 glioma cells lines and primary human brain tumors was examined by RT-PCR. Total RNA was extracted from malignant glioma cell lines using RNeasy kit (Qiagen, Mississauga, Ontario, Canada). For primary human brain tumors, total RNA was extracted from frozen samples using the TRIzol Reagent (Life Technologies). First-strand cDNA was synthesized using the First-Strand cDNA Synthesis Kit (Amersham Biosciences). See Supplementary Table S2 (1, 4) for primer details. h-Actin was used as an internal control. The following PCR conditions were used: 95jC for 2 minutes, 80jC for 2 to 4 minutes (during which Taq is added), and 30 cycles of 95jC for 60 seconds, 55jC (60jC for h-actin) for 30 seconds, and 72jC for 60 seconds followed by 10 minutes at 72jC.
Immunohistochemistry. Normal brain and brain tumor samples embedded in paraffin were sectioned in 7-Am intervals and samples were subjected to antigen retrieval and placed in a Dako Autostainer (Dako Diagnostics Canada, Inc., Mississauga, Ontario, Canada). The ITI H2 antibody and preimmune serum (1:100 dilution) were used for immunohistochemical staining. Samples were counterstained in hematoxylin for 1 minute, mounted using a water-soluble mountant, and imaged using a standard light microscope at Â40 magnification.
Statistical analysis. All tests were done using SPSS Graduate Pack 9.0 statistical software (SPSS, Inc., Chicago, IL). Descriptive statistics including mean and SE along with one-way ANOVAs, independent sample two-tailed t tests, and Tukey's test for multiple comparisons were used to determine significant differences. P < 0.05 was considered significant.
Results
Inhibitory fractions contain enriched protein bands involved in invasion. To isolate either secreted or serum-derived inhibitors, we concentrated C6 conditioned medium and applied it Isolation of Malignant Glial Cell Invasion Inhibitor www.aacrjournals.org to a Resource Q anion exchange column. Fractions were collected and applied to C6 astrocytoma spheroids implanted in collagen gels to assay for inhibition of cell invasion. Under control conditions, the average invasive rate was 10.2 Am/h (Fig. 1A) . Fractions 16 to 21 consistently had an inhibitory effect on invasion (Fig. 1A) . Fractions 18 to 19 yielded the highest inhibitory effect on cell invasion and induced a significant decrease of the average invasive rate for C6 spheroids from 10.2 to 6.2 Am/h (Tukey's test, P < 0.001; Fig. 1A ). Fractions 16 to 21 were pooled and applied to a HiTrap Heparin HP column. Fractions were then collected and applied to C6 spheroids implanted in collagen gels. Fractions 1 to 8 (comprising the proteins that did not bind to the column) and 17 to 22 displayed the highest inhibitory effect on invasion with an average invasive rate of 6.85 Am/h (Fig. 1B) . Silver staining of inhibitory fractions revealed the presence of two enriched bands at f90 and 140 kDa (Fig. 1C) . MS analysis identified ITI H2 as the most abundant protein from a pooled sample of inhibitory fractions 1 to 8 and 17 to 22 from the HiTrap Heparin column (see Supplementary Table S1 ). Mascot scores >38 were considered significant at P < 0.05.
Western blot analysis confirms the presence of ITI H2 and ITI H2-bikunin complexes in purified fractions. To confirm the presence of ITI H2 in the purified fractions, we designed an antibody against ITI H2 and used Western blot analysis to compare bands obtained with those using a commercial antibody against all ITI chains and a bikunin-specific antibody. Western blot analysis confirmed the presence of an ITI H2 band at f90 kDa and an ITI H2-bikunin band at f140 kDa ( Fig. 2A) . Another band running at f260 kDa suggested a combination of multiple heavy chains and bikunin ( Fig. 2A) . This is consistent with previous reports showing that the ITI heavy chain family members are characterized by a unique covalent bond between the heavy chains and the chondroitin sulfate chain of bikunin (14) . Therefore, ITI heavy chain-bikunin complexes will be present on reducing PAGE gels. Taken together, these results confirm that the enriched proteins in our purified inhibitory fractions were ITI H2 and combinations of ITI H2 and/or other heavy chains and bikunin. They do not indicate whether ITI H2 alone is inhibiting C6 cell invasion or whether the serine protease inhibitory activity of bikunin is having a concomitant effect on the cells.
Stable overexpression of ITI H2 in U251 cells is localized to perinuclear regions and lamellipodia. We next wanted to validate the role of ITI H2 as an inhibitor of glioma cell motility by stably overexpressing both ITI H2 and the light chain bikunin in U251 cells. Infection of U251 cells with individual ITI H2 and bikunin chains should allow for the distinction between the effect of ITI H2 alone and/or the serine protease inhibitory activity of bikunin. To ensure that the effect of ITI H2 expression in U251 cells is not due to secondary effects arising from selection in culture, we generated two independent polyclonal cell lines for each DNA construct. For each round of infection and selection, the U251 ITI H2 cell line showed phenotypic changes in proliferation and attachment, which were not seen in the control U251 pLPCX or bikunin cell lines. RT-PCR analysis of stable cell lines showed that U251 ITI H2 and bikunin cell lines expressed only the respective ITI H2 and bikunin mRNAs whereas U251 cells infected with the control empty vector pLPCX did not have any ITI mRNA expression (Fig. 2B) . Further characterization of U251 ITI H2 was done using immunocytochemistry to examine intracellular localization (Fig. 2C) . U251 cells expressing ITI H2 showed increased ITI H2 localization in the perinuclear regions as well as in thin, extensive lamellipodia and membrane ruffles (Fig. 2C, left) . Membrane ruffle and lamellipodia ITI H2 expression seemed to colocalize with actin (Fig. 2C, right) .
ITI H2 inhibits U251 invasion in three-dimensional collagen gels. Because ITI H2 was originally identified from our functional screen for inhibitors of glioma cell invasion in vitro, it is important to confirm its role as an invasion inhibitor in our stable U251 ITI H2 cell line. We therefore implanted spheroids from U251 cells infected with the empty vector pLPCX, ITI H2, and bikunin in collagen type I gels, and monitored invasion for 3 days. Within the first 24 hours, cell invasion of U251 ITI H2 spheroids was inhibited by f55% compared with pLPCX control spheroids and bikunin Fig. 3A and C) . The inhibitory effect was maintained after 3 days in culture (Fig. 3B and D) . These results suggest that ITI H2 inhibits cell invasion in three dimensions. They do not differentiate between the effects of ITI H2 on individual cell invasive rate, adhesion, or proliferation.
ITI H2 inhibits U251 cell proliferation without causing cell death. To examine the effect of ITI H2 and bikunin overexpression on cell proliferation in our U251 glioma model, we cultured U251 wild-type and U251 cells infected with control pLPCX, ITI H2, and bikunin in six-well dishes for 4 days. The total number of cells on day 2 and 4 was calculated for each cell line and results were converted to a doubling time. The doubling time of U251 ITI H2 cells was significantly higher than those of U251 wild-type, pLPCX, and bikunin cells, indicating a lower proliferation rate. The calculated in vitro doubling time for ITI H2 cells was 32.9 hours, and this was significantly different from the 25.6-, 26.8-, and 26-hour doubling times for U251 wild-type, pLPCX, and bikunin, respectively (Tukey's test, P < 0.01; Fig. 4A ). There was no significant difference between U251 wild-type, pLPCX, and bikunin cell lines (Tukey's test; Fig. 4A ).
To validate the role of ITI H2 as an inhibitor of glioma cell proliferation and not a promoter of cell cytotoxicity or death, a livedead assay was done on control U251 cells infected with pLPCX and ITI H2 cells in monolayer culture over 4 days. As a control for possible induction of cell death, both infected cell lines were pretreated with 0.1% saponin for 10 minutes. U251 pLPCX and U251 ITI H2 cells that received no detergent treatment showed no evidence of cell death or cytotoxicity after 4 days in monolayer culture (Fig. 4B, top) . All cells pretreated with 0.1% saponin died (Fig. 4B, bottom) . Taken together, these results suggest that, in addition to its role in glioma cell invasion, ITI H2 significantly inhibits glioma cell proliferation without increasing cell death or cytotoxicity.
ITI H2 increases cell attachment in monolayers. To test the hypothesis that the inhibitory effect on cell proliferation may be accompanied by an increase in cell attachment, we cultured U251 pLPCX and ITI H2 cells on monolayer culture and counted the number of attached cells as a percentage of the total number of cells at 1, 2, 4, and 6 hours. After 4 to 6 hours, ITI H2 cells maintained a slightly more ''spread-out'' appearance on the plate and exhibited a small increase in the number of fanlike lamellipodia (see Supplementary Fig. S1A, insets) . One and two hours after plating, there was a small increase in the number of attached cells for ITI H2 cultures; however, the effect was only significant at 4 hours (68% attached for U251 pLPCX and 80% attached for U251 ITI H2) and 6 hours [83% for U251 pLPCX and 88% attached for U251 ITI H2; P < 0.01 at 4 hours and P < 0.05 at 6 hours (t test); see Supplementary Fig. S1B ]. These results suggest that the inhibitory effect on cell proliferation may be accompanied by an increase in cell attachment. ITI H2 inhibits individual glioma cell velocity while increasing cell-cell adhesion. Previous results using U251 ITI H2 spheroids only examined average invasion of the entire cell population. To directly characterize the effect of ITI H2 on individual cell velocity and spheroid detachment, U251 pLPCX and U251 ITI H2 spheroids were implanted into collagen gels, allowed to invade for 6 hours, and then imaged using time-lapse videomicroscopy for the following 20 hours. This time period was chosen based on previous results obtained for doubling time. Because the doubling time for the pLPCX and ITI H2 cells is f26.8 and 32.9 hours, respectively, significant differences in cell proliferation are not expected during the 20-hour video. The average invasion of U251 ITI H2 spheroids compared with U251 pLPCX spheroids over 20 hours is shown in Fig. 5A (see also Supplementary Videos 1 and 2) . Quantification of individual cell invasive rates showed an average cell velocity of 15.5 and 8.8 Am/ h for pLPCX and ITI H2 cells, respectively (N = 30 cells for each cell line tested; Fig. 5B ). The inhibitory effect on cell velocity was also seen for detached U251 ITI H2 cells imaged 24 to 44 hours postimplantation (data not shown). In addition to the effect on individual cell velocity, 60% of U251 pLPCX cells had detached from the spheroids within 8 hours; however, only 17% of ITI H2 cells had detached, suggesting a role for ITI H2 in cell-cell adhesion (N = 30 cells for each cell line; Fig. 5C ). There was a small inhibitory effect on ITI H2 cell proliferation but the effect was not statistically significant (Fig. 5C ). These results further validate ITI H2 as an inhibitor of glioma cell invasion and show an additional potential role for ITI H2 in cell-cell adhesion.
ITI H2 expression is down-regulated in high-grade brain tumors. To explore the significance of our findings to primary brain tumors, we assessed the expression of ITI H2 in pilocytic astrocytoma, glioblastoma multiforme, low-and high-grade oligodendroglioma, meningioma, normal brain, and human fetal astrocyte cultures using RT-PCR. Representative samples are shown in Fig. 6 . ITI H2 mRNA was detected for both cultures of primary human fetal astrocytes and normal adult brain (Fig. 6A) . ITI H2 was present in 4 of 5 (80%) pilocytic astrocytoma but in only 2 of 11 (22%) glioblastoma multiforme samples (Fig. 6A) . A similar trend was observed for oligodendroglioma tumors with 3 of 4 (75%) low-grade oligodendroglioma expressing ITI H2 mRNA and only 1 of 2 anaplastic oligodendroglioma exhibiting faint bands (Fig. 6A) . Similarly, 4 of 5 (80%) nonmetastatic, lowgrade meningioma expressed ITI H2. RT-PCR analysis was also conducted for glioma cell lines and faint levels of ITI H2 were detected for both U251 and U87 (Fig. 6B) . No expression was detected in U373 (Fig. 6B) . ITI H2 mRNA levels were higher in U343 (Fig. 6B) . Interestingly, invasion rates of U343 spheroids in collagen type I gels are lower than those of U87, U251, and U373 spheroids. 4 To examine ITI H2 protein expression patterns in primary human brain tumors and normal brain, we did immunohistochemical analysis. Normal brain samples stained with the ITI H2 antibody showed a strong perinuclear/cytoplasmic signal and a homogeneous staining of the extracellular matrix (Fig. 6C, top) . In contrast, highly cellular glioblastoma multiforme samples showed practically no cellular localization and the observed ITI H2 signal was typically a weak and sporadic staining of the extracellular matrix (Fig. 6C, bottom) . In two glioblastoma multiforme samples, we observed isolated clonal cell populations expressing ITI H2, but this pattern was very distinct from the homogeneous staining seen in normal brain and other lower-grade tumor samples (data not shown).
Taken together, these results suggest that ITI H2 is expressed in normal brain and low-grade CNS tumors including pilocytic 4 Unpublished results. astrocytoma and meningioma. This expression seems to be lost in higher-grade tumors including glioblastoma multiforme, suggesting that its loss is associated with an increased malignant potential.
ITI H2 down-regulates Akt phosphorylation. To explore possible signaling cascades associated with ITI H2-mediated inhibition of glioblastoma invasion and proliferation, we did Western blot analysis using phosphospecific antibodies for Akt and p44/42 MAPK. Results are shown in Fig. 6D . Compared with empty vector controls, overexpression of ITI H2 resulted in a downregulation of pAKT but had no effect on p44/42 MAPK (Fig. 6D) . These results suggest that the phosphatidylinositol 3-kinase/Akt pathway plays a role in the effects of ITI H2 on glioblastoma cell invasion and proliferation.
Discussion
Over the last 20 years, there have been very few new developments in therapeutic strategies targeting malignant brain tumors. In this era of time-efficient production of cumulative lists of protein and gene players associated with a disease or cellular process of interest, one is still confronted with having to rationally choose a key player for further investigation. To avoid this dilemma, we opted to design and optimize a purification strategy to isolate natural inhibitors of glioma cell invasion from conditioned medium of C6 spheroids. In the present study, we have purified, identified, and validated ITI H2 as a natural inhibitor of glioma cell velocity and proliferation with a concomitant positive effect on cell-cell adhesion to produce an overall strong inhibition of human glioma cell invasion in vitro. The quantity and purity of our sample enabled us to identify ITI H2 by MS analysis of tryptic digest products as the most abundant protein in our purified fractions from conditioned medium.
The ITI proteoglycan family is an example of a proteinglycosaminoglycan-protein complex derived from alternative combinations of multiple heavy chains (ITI H1-H4) and one common light chain, bikunin, encoded by four genes on three different chromosomes (14, 15) . Interestingly, the ITI H2 gene resides on the human chromosome 10p15 and deletions of portions of chromosome 10 are typically associated with malignant glioma progression (4, 15) . Recently, a fifth heavy chain, ITI H5, has been identified and structural analysis has revealed early divergence from a common ITI ancestor (16) .
The ITI heavy chain family members are characterized by a unique covalent bond between the heavy chains and the chondroitin sulfate chain of bikunin (14) . In our study, silver staining of purified fractions revealed the presence of two enriched protein bands at 140 and 90 kDa. These bands correspond with those obtained from Western blot analysis using our antibody raised against the heavy chain 2, a bikunin antibody, and a commercial antibody that recognizes the various ITI chains, and confirm the presence of individual ITI H2 and a bikunin-bound form in the conditioned medium. Although ITI is principally produced by the liver and secreted into serum, individual heavy chain and bikunin expression have been detected in other tissues and are produced as components of ITI-related proteins in these tissues (17, 18) . In particular, high levels of individual ITI H2 mRNA have also been detected in brain, adrenal gland, kidney, and lung (17, 18) .
ITI H2 was identified in our functional selection for inhibitors of glioma cell invasion in type I collagen gels; however, this does not rule out the possibility that other heavy chain family members (H1, H3, H4, and H5) may also play a role in glioma cell motility and proliferation. For example, overexpression of ITI H1 and H3 induced a significant decrease in lung tumor metastasis number whereas ITI H2 had no effect (19) . Recently, a cleavage fragment of ITI H4 has been identified as a marker for early-stage ovarian cancer and plasma bikunin levels are indicative of a favorable prognosis for ovarian cancer (20, 21) . In addition, ITI H5 is downregulated in breast cancer, thus further implicating the ITI heavy chains as tumor suppressor genes (16) .
Using immunocytochemistry analysis of stable U251 ITI H2 cells, we showed that ITI H2 localizes to perinuclear regions as well as to thin extensive lamellipodia and membrane ruffles. This intracellular expression does not rule out the possibility that ITI H2 is secreted or is secreted in a modified form. We have not detected ITI H2 in the serum-free medium from our U251 stable cell line. 5 It has been shown that proteolytic processing of ITI heavy chains during biosynthesis varies greatly with cell type, suggesting that cleavage is not autocatalytic and further reiterating the structural complexity of the ITI family (22) . Colocalization of ITI H2 with actin in U251 membrane ruffles and lamellipodia suggests a relationship with cytoskeletal dynamics and a role in the control of invasion.
Our results show that overexpression of the individual ITI H2 chain decreases invasion of U251 glioma cells in collagen type I matrices whereas stable bikunin overexpression does not affect U251 cell proliferation or invasion. This indicates an exclusive role for ITI H2 in the control of cell invasion that is independent from bikunin. In addition to the invasion assays used here, bikunin has also been previously examined in glioma cell migration models where transient overexpression of placental bikunin alone did not significantly affect migration despite an inverse correlation of primary tumor mRNA levels with malignancy (23) . Therefore, it is reasonable to assume that the ITI H2 isolated and identified in our purified fractions is individually responsible for the inhibitory effects on glioma cell invasion rather than the covalently bound bikunin.
An interesting finding in the presented study was the concomitant effect of ITI H2 on glioma cell proliferation and cell adhesion both in three-dimensional collagen gels and in monolayer cultures. Previous studies assessing the role of other molecules in glioma proliferation and motility have also shown an increase in cell attachment on a variety of brain extracellular matrices with a delay in tumor cell growth corresponding to the log phase of the growth curve (24) . Overexpression of molecules that promote cell-cell adhesion (i.e., neural cell adhesion molecule) decreases glioma cell motility in vitro (25) . Cadherins, as another example, can be classified as tumor suppressors and are associated with differentiation and contact inhibition of growth and motility (26) . In our study, glioma cells overexpressing ITI H2 were less able to detach from the spheroid, and consequently, invasion was inhibited within the first 24 hours postimplantation. However, even individual cells that had already detached from the spheroid exhibited slower invasive rates. The additional inhibitory effect of ITI H2 on U251 cell doubling time suggests that ITI H2 targets multiple biological processes, making it an interesting therapeutic target.
An important finding in our study was the higher ITI mRNA and protein levels in lower-grade tumors and normal brain. Studies have also implicated other ITI chains, such as bikunin and an ITI H4 cleavage fragment, as biomarkers for early-stage ovarian cancer and are thus positive prognostic factors for this disease (20, 21) . Our results show higher ITI H2 levels not only in normal brain and low-grade gliomas, such as pilocytic astrocytoma and oligodendroglioma, but also in other CNS tumors such as meningioma. Meningiomas are slow-growing, typically benign tumors that usually present themselves as WHO grade 1 (27) . Interestingly, ITI H2 mRNA levels also seemed higher in cultures of human fetal astrocytes compared with samples of adult normal brain, suggesting a potential role for ITI H2 in neural development. The relationship of ITI H2 levels with tumor progression combined with the effects on proliferation, invasion, and adhesion in vitro suggest that ITI H2 may potentially serve as a biomarker for a variety of low-grade CNS tumors.
The signaling cascades associated with ITI heavy chain (H1-H5) overexpression are completely unknown. To investigate the possible intracellular pathways that could be involved with ITI H2 activity in our model, we considered two distinct pathways already known to participate in glioblastoma progression: the phosphatidylinositol 3-kinase/Akt and Ras pathways (28) . The phosphatidylinositol 3-kinase pathway has been implicated in glioblastoma invasion, proliferation, and apoptosis (29-31) and down-regulation of pAKT by antisense urokinase-type plasminogen activator has also been shown to inhibit glioblastoma migration and growth without inducing apoptosis (29) . Similarly, our ITI H2 cell lines showed inhibition of invasion and proliferation without a concomitant survival effect, together with down-regulation of pAKT, thus suggesting a role for the phosphatidylinositol 3-kinase/ Akt pathway in our model. Further investigations will be necessary to unravel the other signaling pathways that are also involved in ITI H2 effects on glioblastoma cells.
The results presented here are the first to show an inhibitory role for ITI H2 in glioma cell invasion and proliferation while increasing cell attachment and adhesion. The positive correlation of invasion with proliferation indicates that, in our model, the two events are not mutually exclusive and that ITI H2 can be used to clinically target both processes. The higher ITI H2 levels in normal brain, fetal astrocytes, low-grade gliomas, and meningiomas suggest that ITI H2 may function as a tumor suppressor and potential biomarker for low-grade tumors. In our opinion, the classic biochemical approach presented here to identify a key player in the development of CNS tumor malignancy is quintessential to the significance of the outcome of the study. Targeting factors responsible for ITI H2 loss or restoring the supply exogenously may serve as potential therapeutic strategies for a variety of highgrade invasive CNS tumors.
